Starting from the observation that the antiviral activity of cyclopentenone prostaglandins is associated with the synthesis ofa 70K heat shock protein (HSP70), we have analysed the effect of short hyperthermic treatment (HT) on HSP70 induction and virus production in monkey epithelial cells during the replication of vesicular stomatitis virus (VSV). The heat shock response, as determined by HSP70 synthesis, appeared to be unaltered in VSV-infected cells in the first 4 h following virus infection, after which time it started to decline. No induction of HSP70 synthesis was observed when HT was applied 8 h after VSV infection. A 20 min HT at 45 °C was effective in suppressing VSV multiplication by more than 90 % when applied at specific stages of the virus replication cycle. Synthesis of virus proteins was not affected by HT, indicating that the target for the treatment is a post-translational event. The HT-induced block of virus replication appeared to be associated with inhibition of VSV G protein maturation and HSP70 induction.
Starting from the observation that the antiviral activity of cyclopentenone prostaglandins is associated with the synthesis ofa 70K heat shock protein (HSP70), we have analysed the effect of short hyperthermic treatment (HT) on HSP70 induction and virus production in monkey epithelial cells during the replication of vesicular stomatitis virus (VSV). The heat shock response, as determined by HSP70 synthesis, appeared to be unaltered in VSV-infected cells in the first 4 h following virus infection, after which time it started to decline. No induction of HSP70 synthesis was observed when HT was applied 8 h after VSV infection. A 20 min HT at 45 °C was effective in suppressing VSV multiplication by more than 90 % when applied at specific stages of the virus replication cycle. Synthesis of virus proteins was not affected by HT, indicating that the target for the treatment is a post-translational event. The HT-induced block of virus replication appeared to be associated with inhibition of VSV G protein maturation and HSP70 induction.
The observation that an increase in temperature of a few degrees above the physiological level induces the synthesis of a small number of highly conserved proteins (heat shock proteins, HSPs) in drosophila salivary glands has led to the discovery of a universal mechanism by which both prokaryotic and eukaryotic cells respond to heat shock (HS) or other types of environmental stress (for review, see Lindquist & Craig, 1988) . HSPs help cells to recover from the damaging effect of heat, protecting partially denatured proteins, and are needed for protein folding, assembly and intracellular translocation (Lindquist & Craig, 1988; Schlesinger, 1990; Morimoto et al., 1990) . Induction of H S genes after infection of eukaryotic cells with specific types of viruses has also been described (for review, see Santoro et al., 1990a; Phillips et al., 1991) , but the role of HSPs in virus replication remains to be defined.
Cyclopentenone prostaglandins (PGs), which exert potent antiviral activity in several DNA and RNA virus models (Santoro et al., 1980 (Santoro et al., , 1990a , induce the synthesis of a 70K HSP (HSP70) through cycloheximidesensitive activation of a HS factor (Santoro et al., 1989a; Amici et al., 1992; Holbrook et al., 1992) . Recently, it has been shown that the antiviral activity is associated with PGs' ability to function as signals for HSP70 induction (Amici & Santoro, 1991) . We have therefore examined the possibility that hyperthermic treatment (HT) itself could interfere with virus replication, using as a model vesicular stomatitis virus (VSV) in monkey epithelial MA104 cells.
MA104 rhesus kidney cells were grown in RPMI 1640 culture medium (Gibco) supplemented with 10 % fetal calf serum (FCS, Gibco) and antibiotics at 37 °C in a 5% CO2 atmosphere. Confluent MA104 monolayers were washed with PBS and infected with VSV Indiana serotype (Orsay), kindly provided by Dr E. RodriguezBoulan (Cornell University, Medical College, New York, N.Y., U.S.A.) at 3 p.f.u./cell. After incubation for 1 h at 37 °C, virus inocula were removed and monolayers were incubated in culture medium containing 2 % FCS. For the heating procedure, flasks were immersed in a temperature-controlled water bath (Grant Instruments) for 20 min at 45 ___ 0.01 °C, unless specified otherwise. HT (45 °C, 20 min) was not cytotoxic to uninfected MA104 cells, as shown by the trypan blue exclusion technique 24 h after HT (data not shown).
Cell monolayers infected with VSV were subjected to HT soon after the adsorption period or at 2, 4, 6 and 8 h post-infection (p.i.). Medium was collected 24 h p.i., at which time maximal virus yield was detected, and virus titres were determined by assaying for 50 % cytopathic effect (CPE~0) on confluent monolayers of MA104 in 96-well tissue culture dishes as previously described (Rodriguez-Boulan, 1983) . The dilution that gave CPEs0 was determined by the interpolation procedure of Reed & Muench (Rodriguez-Boulan, 1983 HT applied at specific stages of the virus cycle, between 2 and 4 h after virus infection, strongly suppressed VSV multiplication. A minor effect was obtained when HT was applied 6 to 8 h p.i., but no effect was found soon after the virus adsorption period (Fig. 1 a) .
When VSV-infected cells were stressed by a 20 min HT at 39, 41, 43 or 45 °C at 4 h p.i., at which time maximal antiviral effect was obtained, inhibition of virus replication was found to be temperature-dependent (Fig.  1 b) . Under the same conditions the induction of HSP70 synthesis, determined by immunoblot analysis as described in the following paragraph, was also temperature-dependent in VSV-infected cells (Fig. 1 c) .
To investigate the effect of VSV infection on HSP70 synthesis, mock-infected or VSV-infected cells were either kept at 37 °C or subjected to HT at different times after virus infection, and labelled with [aSS]methionine (I0 gCi/2 x 105 cells) in methionine-free medium containing 5% dialysed FCS, during the following 2 h recovery period at 37 °C. Cells were preincubated for 15 min in methionine-free medium. After determination of the radioactivity incorporated, samples were analysed by SDS-PAGE in a vertical slab gel apparatus (3 % stacking gel, 10% resolving gel) and processed for autoradiography, as described by Amici & Santoro (1991) . For identification of HSP70 by immunoblot analysis, an equal amount of protein for each sample was separated by SDS-PAGE and blotted onto nitrocellulose (Amici & Santoro, 1991) . After transfer, filters were incubated with a mouse anti-72K HSP monoclonal , and the bound antibody was detected by horseradish peroxidase-linked sheep anti-mouse antibody. MrS were calculated using Bio-Rad low M r markers. MA104 cells infected with VSV were able to respond to HT by synthesizing an amount of HSP70 comparable to the uninfected cells up to 4 h after infection. At 6 h p.i., synthesis of HSP70 was decreased as compared to the uninfected control, and by 8 h p.i. infected cells were unable to respond to HT by synthesizing HSP70 (Fig. 1 d) .
To analyse the effect of HT on cell and virus protein synthesis, confluent monolayers of VSV-or mockinfected MA104 cells were subjected to a 20 min, 45 °C HT at different times after VSV infection. At 8 h p.i. proteins were labelled with [aSS]methionine and analysed after SDS-PAGE separation and autoradiography. Hyperthermic treatment caused a moderate (25 to 35 %) inhibition of [35S]methionine incorporation into TCAinsoluble material up to 4 h after HT, and incorporation returned to control levels after this time (data not shown). Fig. 2 shows that HT at different times p.i. did not alter VSV protein synthesis. Since HT at 2 and 4 h p.i. greatly reduced virus yield (20 and 5 % of control, respectively) these results indicate that HT is affecting a post-translational event in the VSV replication cycle. Treatment at a slightly higher temperature instead selectively blocked VSV protein synthesis (data not shown), indicating a finely regulated control mechanism.
Kinetics of HSP70 synthesis in VSV-infected compared to uninfected MA104 cells is shown in Fig. 3 . VSVinfected or mock-infected MA104 cells were subjected to HT at 4 h p.i., and then labelled with [3~S]methionine for the next 3 h. Heat treatment caused a decrease in [3~S]methionine incorporation into proteins of approximately 20 to 30 % in uninfected cells in the first 2 h after treatment, and no significant differences were detected in HT-treated VSV-infected cells compared to control cells. The kinetics of HSP70 synthesis in VSV-infected cells was comparable to that of uninfected cells. Moreover, protein analysis of untreated VSV-infected cells confirmed that HT did not alter VSV protein synthesis at early times as well as at late times after treatment. In the same experiment, VSV yield 24 h p.i. in HT-treated cells was reduced to 9"7% of control. Some protection of cellular protein synthesis from the virus-induced shutoff was noticed after HT (Fig. 3) . In order to determine whether the turnover of virus proteins was affected by HT, VSV-infected MA104 cells were either labelled with [35S]methionine for 15 rain (5 ~tCi/105 cells) at 4 h p.i. and then subjected to HT, or were subjected to HT at 4 h p.i. and then labelled with [35S]methionine following the same protocol. After removal of label by extensive washing, cells were either harvested immediately or incubated at 37 °C in medium containing an excess (100-fold) of non-radioactive methionine, for progressively Short communication 
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-N/NS -M longer intervals. Samples were then processed for SDS-PAGE and autoradiography. In both experimental conditions, no difference in the turnover of viral (or cellular) proteins up to 10 h p.i. was found between heattreated and non-treated cells, as determined by dens±to-metric analysis of the autoradiographic patterns using a laser beam densitometer (Ultroscan XL, LKB) (data not shown).
The effect of actinomycin D (AMD) treatment on HSP70 synthesis and VSV multiplication was also studied. Confluent monolayers of MA104 cells were treated with AMD (2 ~tg/ml) for either 3 or 12 h before VSV infection. Cells were subjected to HT at 4 h p.i. in the presence or the absence of AMD, and then labelled with [35S]methionine (5p.Ci/l× 105 cells, 2 h pulse, starting 2 h after heat treatment). Virus yield was determined 24 h p.i. Both AMD and heat treatment were found to suppress VSV multiplication [control, 1.3(__+ 0.1) × 107; AMD, 3 h4.9 (+0"5) x 106; HT, 2-1 (+0"2) x 10°; H T + A M D , 3-2 (+0.01)x 10 ° CPEs0/2 x 105 cells]. As previously shown in other cell lines for PGAl-induced HSP synthesis (Amici & Santoro, 1991 ; Mastromarino et al., 1993 ) AMD treatment almost completely suppressed HSP70 synthesis (data not shown). However, since AMD itself inhibited VSV replication, it was impossible to establish whether the AMD-mediated block of HSP70 synthesis could reverse the HT-induced ant±viral effect.
Since the results reported above demonstrate a posttranslational effect of HT and because ant±viral PGs, which induce HSP70 synthesis, cause alterations in virus protein glycosylation (Santoro et al., 1983 (Santoro et al., , 1989 Pica et al., 1992) , we investigated the possibility that HT could inhibit VSV protein glycosylation. VSV-or mockinfected MA104 cells were subjected to HT at 4 h p.i. Cells were labelled for 2 h with [3H]glucosamine hydrochloride or [3H]galactose (20 pC±/2 x l0 s cells; Amersham) 2 h after HT. Incorporation of radioactivity into TCA-soluble or -insoluble material was then determined as previously described (Santoro et al., 1989b) . Samples containing equal amounts of radioactivity were processed for SDS-PAGE analysis and autoradiography. 1 and 3) or VSV-infected (lanes 2 and 4) cells were either kept at 37 °C (lanes 1 and 2) or subjected to HT (45 °C, 20 min) at 4 h p.i. (lanes 3 and 4) . Tunicamycin, which interferes with the synthesis of the lipid-linked precursor oligosaccharide and thus prevents the addition of the core glycan to the nascent polypeptide, did cause a shift in gel mobility of the G protein band corresponding to a decrease in M r of approximately 5K in the same model (data not shown). This indicates that H T was not blocking this early step in protein glycosylation. Heat treatment could then affect some of the late events of G protein maturation, including addition of palmitic acid to cysteine residues or the processing of the high-mannose oligosaccharides to the complex form, alterations which would not necessarily cause a dramatic decrease in Mr. These possibilities are presently under investigation in our laboratory.
A beneficial effect of fever and local hyperthermia during virus infections has been hypothesized by the ancient Greek physicians to today's scientists (Kluger, 1986) . It has been shown that continuous hyperthermia at 3 to 4 °C above the physiological range can block the replication of several D N A and RNA viruses in cultured cells (Bennett & Nicastri, 1960; Lwoff, 1969; Yura et al., 1987; Panasiak et al., 1990) . A 12 h H T at 43 °C also inhibits simian virus 40 protein synthesis in CV1 cells (Angelidis et al., 1988) , and a 90 min H T at 9 °C above the physiological temperature strongly suppresses virus as well as cellular protein synthesis in togavirus-infected Aedes albopictus cells (Carvalho & Fournier, 1991) . Local hyperthermia (20 to 30 min at 43 °C) has also been shown to improve the course of the disease in patients with natural and experimental common colds (Tyrrell et al., 1989) . On the other hand it has been shown that HS induces the appearance of Epstein-Barr virus (EBV) early antigen in EBV-infected lymphoblastoma cell lines (Zerbini et al., 1985) , and that human cells with stably integrated human immunodeficiency virus can be activated by HS to produce virus through an increase in viral gene transcription, suggesting a negative role of hyperthermia in chronic virus infections (Stanley et al., 1990) .
Our results show that brief HT, if applied during specific stages of the virus cycle, is extremely effective in blocking virus replication in primary infections. Under the conditions described, the target for H T appears to be a post-translational event. No effect is found when H T is applied soon after virus entry into the cells, and at later times when the virus has taken control of the protein synthesis machinery and HT-induced synthesis of HSPs is impaired. These results suggest that, as in the case of HSP70 induction by antiviral PGs, synthesis of large amounts of HSP70 at specific stages of the virus cycle could interfere with virus replication. A better understanding of the role of HSPs in virus replication could be useful in the comprehension of the beneficial effect of fever during virus infections, and, as suggested by the pioneer studies of Tyrrell et al. (1989) , could indicate new strategies in the treatment of virus diseases.
